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Abstract 
In previous studies a method was devised to estimate the EM bias in bistatic GNSS-R altimetry (L-band) 
for a wind-driven sea surface spectrum. In the present study, the synthetic three-dimensional time-
evolving wind-driven sea surface is also altered by rain, swell, or sea surface currents. The generated 
sea surface is illuminated by a Right Hand Circular Polarization (RHCP) L-band electromagnetic wave. 
Then, the scattered wave is computed from each facet in which the sea surface is discretized using the 
Physical Optics (PO) method. Finally, the EM bias is computed numerically under the presence of these 
three natural phenomena listed before. The impact of rain is a moderate decrease (in magnitude) of 
the EM bias due to the damping of the wind-driven waves, which is more significant as the wind speed 
increases. The impact of swell is a small increase (in magnitude) of the EM bias due to the increased 
sea surface roughness. The impact of currents can be either a moderate increase or decrease of the EM 
bias, depending on the sense of the current with respect to the wind.  
1. Introduction
Nowadays, remote sensing using “free” signals of opportunity provides new chances for innovative 
Earth observation. Global Navigation Satellite Systems (GNSS) emit RHCP waves towards the Earth’s 
surface continuously. The reflected waves contain valuable information from the Earth characteristics. 
The idea of using GNSS signals in remote sensing was first proposed in 1988 for scatterometry [1], and 
in 1993 for mesoscale ocean altimetry [2]. The EM bias is induced by the wave asymmetry (peaks and 
valleys), and it is an important error source in radar altimetry. Several studies to estimate the EM bias 
have been performed at C- and Ku-bands for nadir-looking, and off-nadir configuration scenarios by [3–
11]. In previous works, the EM bias for a wind-driven sea surface was analyzed using the Kirchhoff 
Approximation of the Geometric Optics method [12]. Later, this model was refined using the Physical 
Optics method [13]. This method was validated using existing data at C- and Ku-bands, and then 
extended to L-band in bistatic configurations (GNSS-R), including the dependence with the wind speed, 
the incidence/scattering angles, and the azimuth angle. However, to authors’ knowledge, the impact 
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on the EM bias of rain, swell, and sea surface currents over the sea surface was not considered 
previously. This study addresses these issues. 
Rain drops splashing on the sea surface induce changes in the surface roughness, that depend on the 
rain-rate intensity, and the drop size distribution (DSD). In this study, the log-Gaussian spectrum 
proposed in [14, 15] is used to generate the sea surface overlapped by rain-drops. 
Swell is a series of mechanical propagating waves not generated by the immediate local wind, but by 
distant weather systems instead, where wind is blowing for a period of time over a given fetch. The 
swell spectrum can be modeled using a narrow-band Gaussian process by a two dimensional roughness 
spectrum [16], superimposed to the sea spectrum. In [16], the impact of swell on the scattering cross-
section was investigated at L-band, and it was demonstrated that the scattering cross-section 
increased.   
Finally, sea surface currents influence the Earth’s climate system, by transporting massive amounts of 
heat. Near-surface currents alter the sea surface roughness and can affect the scattering processes 
significantly. The impact over the sea surface spectrum of the sea surface currents has been accounted 
for using Huang’s model [17].  
Since the impact of these perturbing effects is small or moderate, we are only interested in the 
deviations with respect to the wind-driven spectrum. These models have been successfully used in the 
past to compute the impact of rain, swell, and currents in the sea surface emissivity at L-band [18-20]. 
In this work, the scattering cross-section of the perturbed sea surface, is computed using the PO 
scattering technique (e.g. [13, 21]), and the EM bias is numerically computed using the fundamental 
definition as the ratio of the average of the radar cross-section density (𝜎0) times the sea surface 
elevation (𝜉), divided by the average radar cross-section density [22]: 
𝛽𝐸𝑀 =
〈𝜉𝜎0〉
〈𝜎0〉
. (1) 
The computation of the EM bias is required to accurately predict the performance of upcoming GNSS-
R systems [23].  
This document is organized as follows: Section 2 analyses the impact of rain on the EM bias, Section 3 
the impact of swell, Section 4 the impact of surface currents, and finally Section 5 presents the 
conclusions. 
3 
 
2. Rain impact on the EM bias  
The impact of rain on the scattering cross-section was investigated at Ku-band [14], and it was 
demonstrated that the scattering cross-section was dependent on the rain-rate intensit. In [14], the 
rain spectrum was analyzed and it was proposed to have contributions from the ring-waves on the 
water, and from turbulence underneath the water surface. The rain-perturbed sea surface spectrum is 
can then be simulated by superimposing the rain-induced sea surface spectrum to the wind-driven one, 
and solving iteratively to satisfy some conditions [15]. The impact of heavy rainfall is a damping of the 
sea waves [24]. Figure 1 shows the wind-driven and the rain contributions to the composite sea surface 
height spectrum in the highest wavenumbers. 
 
Fig. 1. Wind-induced sea surface spectrum for wind speeds 5, 10, 15 and 20 m/s, 
 and rain-induced sea surface spectrum for rain rates 20, 40, 60 and 80 mm/h (modified from [18]). 
Then, a time-dependent 1000 m x 1000 m sea surface ( 𝜀𝑟 = 73 + j57.5) is computed, so as to include 
the longest waves associated to the highest wind speed conditions, and discretized in 20 cm side 
patches. The incident electromagnetic wave illuminating the sea surface is then created: a RHCP wave 
at L-band (fL1=1.57542 GHz), which was actually pre-recorded using a GPS data-logger. The scattered 
wave from a rain-perturbed sea surface is finally computed using the PO method to obtain the 
scattering cross-section, as required by eqn. 1.   
The EM bias computed for 𝜃𝑖 = 𝜃𝑠 = 25
°, 35° and 45° are presented in Fig. 2, as a function of the wind 
speed without and with rain (R = 200 mm/h). Error bars indicate the 95% confidence level associated 
to the 10 Monte-Carlo simulations performed. As it seen, the EM bias is always smaller for rain-
perturbed sea surfaces because of the damping of the large sea waves. This effect becomes more 
important at high wind speeds.  
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a)  
b)  
c)  
Fig. 2. Estimated EM bias using [13] for the sea surface with and without rain:  
R = 0 mm/h (blue), R = 100 mm/h (green), and R = 200 mm/h,  
and incidence/scattering angles a) 𝜃𝑖 = 𝜃𝑠 = 25
°, b) 𝜃𝑖 = 𝜃𝑠 = 35
°, a) 𝜃𝑖 = 𝜃𝑠 = 45
°.  
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3. Swell impact on the EM bias 
The swell of impact on the scattering cross-section was investigated using the two-scale model at L, X, 
and Ku bands [24, 25]. It was shown that the scattering cross-section was significantly affected by swell 
at L-band, although it was negligible at Ku-band [16].  
Following [16], in this study the swell impact is modeled as a narrow-band Gaussian spectrum to the 
ocean spectrum: 
Ψ𝑠𝑤𝑒𝑙𝑙(𝑘𝑥, 𝑘𝑦) =
〈ℎ2〉
2𝜋𝜎𝑥𝜎𝑦
· 𝑒𝑥𝑝 {−
1
2
[(
𝑘𝑥−𝑘𝑥𝑚
𝜎𝑥
)
2
+ (
𝑘𝑦−𝑘𝑦𝑚
𝜎𝑦
)
2
]} ,   (2) 
where 〈ℎ2〉 is the height variance of the swell, 𝜎𝑥 and 𝜎𝑦 are the spectral standard deviations, and 𝑘𝑥𝑚 
and 𝑘𝑦𝑚 are the spectral peak wave numbers of the swell in the x and y directions, respectively, which 
in general, are not coincident to the up-wind and cross-wind ones. 
To illustrate this effect a swell with √〈ℎ2〉 = 4 m, with a wavelength Λ𝑚 = 400 m (𝑘𝑚 = 2𝜋 Λ𝑚⁄ ), and 
with  𝜎𝑥 = 𝜎𝑦 = 0.0025 m
-1 is simulated. The computed EM bias affected by swell is shown in Fig. 3. 
As it can be appreciated, the presence of swell produces an increase (in magnitude) of the EM bias. As 
interesting point is that, since the swell model includes very large quasi-sinusoidal waves, the impact is 
negligible at low wind speeds (sea surface spectrum has negligible skewness), and it is only noticeable 
for strong winds due to the change of the local slopes. 
 
Fig. 3. EM bias at 𝜃𝑖 = 𝜃𝑠 = 25
°computed with and without a swell of 
 〈ℎ2〉 = 4 m rms, Λ𝑚 = 400 m, and 𝜎𝑥 = 𝜎𝑦 = 0.0025 m
-1 . 
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4. Sea surface currents impact on the EM bias 
Ocean currents also affect the sea surface spectrum.  When the current has the same direction and 
sense as the wind, the sea surface becomes less rough. On the contrary, when the current has the 
opposite sense (against the wind direction), the sea surface becomes rougher. In this study, the closed-
form derived by Huang et al. [17] is used: 
𝑆(𝐾) =
𝑎
𝐾3
·
1
(1+
𝑈𝑐𝑢𝑟𝑟𝑒𝑛𝑡
𝑐
)
7 · 𝑒𝑥𝑝 {−
0.74·𝑔2
𝐾2·𝑈10
4 ·(1+
𝑈𝑐𝑢𝑟𝑟𝑒𝑛𝑡
𝑐
)
4},    (3) 
where K is the wavenumber, a = 4.05·10-3, c is the waves’ phase velocity, U10 is the 10 m height wind 
speed, and Ucurrent is the current speed. 
Figure 4 shows the impact of ocean currents in the EM bias as a function of the wind speed.  When the 
current is positive (same direction as the wind), the EM bias decreases because of the reduced surface 
roughness, and when the current is negative (against the wind), the EM bias increases in magnitude, 
with a maximum increment of ~5 cm at U10 = 20 m/s, and 𝜃𝑖 = 𝜃𝑠 = 25
°. 
Figure 4 shows, presence of the ocean current with opposite of wind direction is increased the EM bias 
as expected (because of roughness increment). It should be mentioned that by presence of ocean 
current, the EM bias is begging to increase from low wind speed to higher wind speeds. In addition, it 
shows, the current ocean with the same wind direction is decreased the EM bias.    
5. Conclusions  
The EM bias dependence on the wind speed and the incidence angle was studied in [12, 13] 
for a 2D sea surface and in [28] for a 1D sea surface. The impact on the EM bias of other natural 
phenomena influencing the sea surface roughness has been studied in this work for a bistatic 
configuration at L-band (GNSS-R system), as a function of the wind speed, and for different 
incidence/scattering angles.  
The presence of heavy rainfall over the sea surface affects the EM bias, but this effect is only 
detectable at high wind speeds, and for large rain rates. At  𝜃𝑖 = 𝜃𝑠 = 25
° , the EM bias 
decreases (in magnitude) by ~5 cm for U10 = 20 m/s and R = 200 mm/h.   
The impact of swell over the ocean surface is an increase of the EM bias values, although this 
effect is weak, and only noticeable (~2-3 cm) for high wind speeds (U10 = 20 m/s) and large 
swells (4 m rms height).  
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a)  
b)  
c)  
Fig. 4. EM bias as a function of the wind speed computed without sea surface currents, and with 
currents of Ucurrent = +3 m/s (green, same direction as wind), and Ucurrent = -0.1 m/s (red, opposite 
direction to wind), for incidence angles: a) 𝜃𝑖 = 𝜃𝑠 = 25
°, b) 𝜃𝑖 = 𝜃𝑠 = 35
°, and c) 𝜃𝑖 = 𝜃𝑠 = 45
°. 
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Finally, the effect of surface currents can be either an increase or a decrease of the EM bias, 
depending if the current is against the wind or if it has the same direction and sense. The 
presence of currents (Ucurrent = -0.1 m/s) with opposite direction to the wind increases the EM 
bias for all incidence angles, and particularly at higher wind speeds. In contrary, while the sea 
surface has current (Ucurrent = +3 m/s) by same wind direction, the EM bias is decreased.  
Since these natural effects produce a non-negligible variability of the EM bias (~50 % change), 
it is important to account for them in order to make a good estimate of this residual error in 
GNSS-R altimetry budgets. 
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